Sodium ferric gluconate complex (SFGC) was synthesized by a simple method using D-sodium gluconate (D-SG) and ferric chloride as raw materials, which was found to have chelated iron characteristics by measuring its physicochemical properties. The iron(III) complex was characterized by scanning electron microscopy (SEM), ultraviolet-visible spectrophotometry (UV-Vis), fourier transform infrared (FTIR), X-ray diffraction analysis (XRD) and differential scanning calorimetry (DSC). The results verified that the product was indeed the chelated iron complexes and its iron core was composed of iron oxyhydroxide namely β-FeOOH mineral polymorph. Moreover, antioxidant activity of SFGC was evaluated by the half maximal inhibitory concentration (IC 50 ) against hydroxyl free radical, 2,2-diphenyl-1-picryl-hydrazyl (DPPH) free radical, nitrite and lipid peroxidation, and their values were 3.65, 8.09, 3.01, 1.90 mg/mL, respectively. These results demonstrate that SFGC is expected to become a good iron supplement with a variety of biological activity or food additive strengthening iron.
was calculated as follows:
where A o is the absorbance of solution without the sample, and
Ax is the absorbance of sample solution. In the case of measurement of scavenging capacity against hydroxyl free radical, the equal volumes of solution without salicylic acid was used as reference for Ao and Ax.
Scavenging capacity against DPPH free radical The basic theory involved in the reaction of DPPH radical and free radical scavenger was followed as description of the previous report (Shilpashree et al., 2015; Shi et al., 2013) . DPPH (0.6 mM, 1 mL) and the SFGC sample solutions of different concentrations (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4 mg/mL, 3 mL) were mixed in a 10 mL colorimetric tube. After shaking, the mixture was kept in dark at 37℃ for 0.5 h. The absorbance of the reaction mixture was determined at 517 nm. Scavenging capacity of SFGC against DPPH free radical was calculated by the Eq. 1. Scavenging capacity of D-SG and VC were measured by the same method.
Scavenging capacity against nitrite The method of N-(1naphthyl) ethylenediamine dihydrochloride spectrophotometry was followed as description of the previous report (Sun et al., 2006) .
Citric acid-NaH 2 PO 4 buffer solution (pH 3.0, 1 mL), the SFGC sample solutions of different concentrations (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4 mg/mL, 2 mL) and NaNO 2 (50 μg/mL, 250 μL) were mixed in a 10 mL colorimetric tube. The mixture was shaken and incubated at 37℃ for 0.5 h. The reaction solution was taken out, and then immediately mixed in 4-aminobenzene sulfonic acid solution (0.4%, 1 mL). After standing for 5 min, the 0.5 mL of 0.2%
N-(1-naphthyl) ethylenediamine dihydrochloride solution was
added and the mixture was then standed at 10 min again. The absorbance of the solution was determined at 538 nm. Scavenging capacity of SFGC against nitrite was calculated by the Eq. 1.
Scavenging capacity of D-SG and VC were measured by the same method.
Scavenging capacity against lipid peroxidation Soy lecithin (120 mg) dissolved in 30 mL phosphate buffer (pH 7.4, 0.05 M)
was sonicated for 30 min in an ultrasonic generator (KQ5200DE, Ks-csyq, China) until liposome was dispersed completely.
Iiposome suspension (1 mL), FeSO 4 (5 mM, 2 mL) and the SFGC sample solutions of different concentrations (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4 mg/mL, 2 mL) were mixed in a 10 mL colorimetric tube. The mixture was incubated at 37℃ for 0.5 h, and shaked every 10 min.
The reaction was stopped by the addition of trichloroacetic acid (TCA, 10%, 1 mL) and 2-thiobarbituric acid (TBA, 0.8%, 1 mL), which had been incubated in boiling water bath for 15 min, and then cooled and centrifuged at 4500 rpm for 15 min. The absorbance of the supernatant was determined at 532 nm (Shilpashree et al., 2015; Sun et al., 2006) . Scavenging capacity of SFGC against lipid peroxidation was calculated by the Eq. 1.
Results and Discussion
Physicochemical properties of SFGC General properties The synthesized iron complex is odorless, tasteless and brown-black solid powder, but presents a clear redbrown solution once dissolving in water. However, it is not soluble in ethanol, methanol, acetone and other organic reagents. The pH value of sample solution was approximately 6 to 8, and the solution could show Tyndall effect hinting colloidal property (Mitic et al., 2011) . The sample solution was added dropwise to the potassium ferrocyanide and potassium thiocyanate solution, but it did not produce precipitation like ferric hydroxide colloid. The results indicated that free iron did not exist nor contaminate in the solution, and the complex had basic stability (Michael et al., 2006) .
Stability
The bioavailability of iron supplement depended on the dissolving capacity of iron supplement in duodenum (pH6-7), which was the main absorption part of iron (Fu et al., 2014) . In order to identify the differences between SFGC and inorganic FeOOH, SFGC solutions, FeCl 3 and FeSO 4 were titrated with NaOH and the titration results were shown in table 1. For the SFGC solution, the precipitate was not observed and always remained clear solution in a range of pH 5-13. However, for the FeCl 3 solution, the precipitate was initially and generously observed in pH 3.03 and 6.70. As for FeSO 4 solution, this pH of start turbid was 3.34, and the pH of a large number of turbid was 6.76. These results implied that FeCl 3 and FeSO 4 were turned into iron hydroxide which were not absorbed and used by organism under physiological pH condition according to the study in the previous researches (Phadungath and Metzger, 2011) . But the complex SFGC was fully soluble under physiological conditions, and it was neither hydrolyzed nor precipitated with high stability and better bioavailability.
Reduction Iron is mainly absorbed by duodenum and upper jejunum mucosa, and only the dissolved irons could be absorbed.
Ascorbic acid not only made the iron release from the SFGC, but also made trivalent iron reduce to divalent iron (Qu et al., 2011) . According to this result we can conclude that the SFGC had better capability of the dissolution and reduction and the bioavailability, and had not significant irritation of alimentary canal because the solution did not contain Fe 3+ . These results are in agreement with others studies which reported that iron(III) complexs were formed mainly by isomaltooligosaccharide, chitosan and inonotus obliquus polysaccharide (Mao et al., 2014; Pitarresi et al., 2008) .
Characterization of SFGC
Microstructure The SEM images of SFGC shown in Fig. 2 revealed that the shapes of SFGC were different, and the surface of SFGC was flatter and smoother, which showed small and uniform white flake like structures embedded all over the complex surface when it was observed with the magnification.
UV-Vis spectrum analysis
The UV-Vis spectrums of SFGC and D-SG were presented in Fig. 3 . The main absorption wavelength of SFGC in the ultraviolet spectra is 221 nm (Fig. 3.a Fig. 4 (a, b) . Therefore, iron ions did not make a significant change in the structure of D-SG. However, the peak shape of the stretching vibration absorption band of C-O (1084 cm _ 1 ) and fingerprint region (900~400 cm _ 1 ) had some change in Fig. 4 (a) .
There was the characteristic peak of structure at 820, 650 and 534 cm _ 1 in the spectrum of SFGC, which were attributed to the characteristic absorption peak of β-FeOOH (both in 900 _ 420 cm _ 1 ) according to the study in the previous researches (Tomida et al., 2009; Tang et al., 2013) . These results explained that D-SG and iron were synthesized to a new substance (SFGC) and the iron core of complex was polymerized β-FeOOH structure.
X-ray spectrum analysis The XRD spectrums of SFGC and D-SG were shown in Fig. 5 , which was some significant difference in the two spectra. D-SG had many weak diffraction peaks, however, SFGC had no sharp crystallization peak. The result suggested that SFGC had poor crystallinity and was amorphous shape, which was obviously different from the raw material.
DSC thermogram The DSC curves of SFGC, D-SG and
FeCl 3 with different temperature were shown in Fig. 6 . It was observed that it had a clear endothermic peak of D-SG at 214.9℃
presumably due to the decomposition of D-SG, and FeCl 3 had only one obvious exothermic peak appeared at about 65℃. However, there were two new exothermic peaks appearing at about 270 and 320℃ for SFGC, which was different from the formers. The results indicated that the complex was a new substance (SFGC), and the peak shape of exothermic peak was better, which reflected the complex SFGC had a high thermal stability (Wan, 2013) .
Antioxidant activity of SFGC
Scavenging capacity against hydroxyl free radical Hydroxyl free radical is considered to be the most active and toxic free radical, which can directly damage a variety of biofilms and lead to (Pitarresi et al. , 2008) (isomaltooligosaccharide iron complex (IIC)). D-SG molecule containing hydroxyl groups and a carboxyl group as the electron donor, which reacted to achieve the effect of free radical scavenging with hydroxyl free radical. Spatial structure was changed after D-SG and Fe(III) ion reacting, which caused a synergistic effect of ligand moiety on exposed active group, promoted the role of hydroxyl radical and made the scavenging capacity increase.
Scavenging capacity against DPPH free radical DPPH is also called 1,1-Diphenyl-2-picrylhydrazyl radical, which is a very stable free radical of nitrogen center, and has been widely used for quantitative determination of the antioxidant capacity of biological samples and food (Wang et al., 2008) . The scavenging capacity (Eq. with others studies which reported that iron(III) complexs are formed mainly by isomaltooligosaccharide (Pitarresi et al., 2008) and soluble soybean polysaccharide (Sun et al., 2006) . 
Conclusions
SFGC was synthesized using D-SG and ferric chloride as raw Fig. 7 . Comparison on IC 50 values of SFGC materials based on physicochemical properties, which has been proved to have characteristic properties like chelated iron. SFGC was shown to have higher stability and better stripping reduction capability by hydrolysis and reduction experiments. Therefore, SFGC had the basic properties of ideal oral iron agents. SFGC was characterized by the complex structure, and the iron core of complex was polymerized β-FeOOH structure. The results of the antioxidant activity test showed that scavenging capacity of SFGC against hydroxyl free radical, DPPH free radical, nitrite and lipid peroxidation were significantly higher than that of D-SG, but were lower than that of VC. These results demonstrate that SFGC is expected to become a good iron supplement source with a variety of biological activity or food additive strengthening iron. The present study establishes the scientific basis for the research and development of iron supplement of SFGC, which possesses higher practical value and provides new ideas for the development of PIC.
